Homogeneous membranes were prepared by blending poly (acrylic acid) with poly (vinyl alcohol). These blend membranes were evaluated for the selective separation of alcohols from toluene by pervaporation. The flux and selectivity of the membranes were determined both as a function of the blend composition and of the feed mixture composition. The results showed that a polymer blending method could be very useful to develop new membranes with improved permselectivity. The pervaporation properties could be optimized by adjusting the blend composition. All the blend membranes tested showed a decrease in flux with increasing poly (vinyl alcohol ) content for both methanol-toluene and ethanol-toluene liquid mixtures. The alcohols permeated preferentially through all tested blend membranes, and the selectivity values increased with increasing poly(viny1 alcohol) content. The pervaporation characteristics of the blend membranes were also strongly influenced by the feed mixture composition. The fluxes increased exponentially with increasing alcohol concentration in the feed mixtures, whereas the selectivities decreased for both liquid mixtures. 
At the very early stage of pervaporation research it was recognized that this process possesses a high potential for the separation of organic liquid mixtures [ l-41. Since then much research has been carried out and reported [ 5, 6] . Despite these studies no large-scale application for the organic-organic mixture separation in the chemical industry can be found so far. This is mainly due to the lack of good membranes for specific applications. Three approaches are often followed to de-*Corresponding author.
velop 'tailor-made' materials: (a) synthesis of new polymers, (b) modification of existing polymers, and (c) polymer blending. The synthesis of new polymers or copolymers is the first way to prepare 'tailor-made' materials. Based on the knowledge of permeation and separation mechanism, specific membrane materials can be designed and synthesized for a given separation problem. For the pervaporation of organic liquid mixtures, many new polymers and copolymers were synthesized and tested [ 7-101. These polymers generally showed an improved permselectivity when they contained specific groups which could preferentially interact with one component of a liquid mixture. In recent years new po-lymerization techniques such as radiation grafting and plasma grafting are also studied for the development of pervaporation membranes [ ll-13 1. The modification of polymers can be done through a chemical reaction, a radiation or plasma treatment, or a combination of these methods. In this way specific groups are introduced to the polymer bulk [ 2,141 or only to the surface of polymer membranes [ 15 1 . A third method is the blending of existing polymers to produce materials with new properties. This approach has been tested for the development of membrane materials for the pervaporation of liquid mixtures, and promising results were observed [ 16-20 1. The objective of material study is to develop membranes with both a high flux and a high selectivity. However, in most cases a so-called 'trade-off' trend can be found. This means that as the flux increases, then the selectivity decreases, or vice versa. For this reason membrane development is often characterized by an optimization procedure: the performance of membranes has to be adjusted for a given separation problem in order to achieve an optimal performance. For this purpose a polymer blend can offer a convenient tool. The aim of polymer blending is normally to create a new polymeric material that combines the properties of two (or more) homopolymers.
In a homogeneous blend made of two polymers, the component polymers are mixed on a molecular level. In this case, the properties of the blend is generally in between those of two component polymers being related to the composition of the blend. This means that the physical and mechanical properties as well as the permeation properties of the blend can be influenced by changing the blend composition.
The main objective of this work is to develop new polymer membranes for the selective separation of alcohols from aromatic hydrocarbons by pervaporation.
For this purpose a polymer blend concept was applied; in this study a blend of poly (acrylic acid) and poly (vinyl alcohol ) . The pervaporation property of this blend was evaluated for ethanol-toluene and methanoltoluene liquid mixtures.
Experimental

I. Materials
Poly(acrylic acid) (PAA) (Mw=250,000 g/ mol ) and poly (vinyl alcohol) (PVA) (96% hydrolyzed, Mw= 85,000-146,000 g/mol) were purchased from Aldrich Chemical Co. Methyl alcohol, ethyl alcohol, toluene, and isooctane (analytical grade ) were obtained from Merck Co. They were used without any further purification. Water was demineralized before use.
Membrane preparation
Polymer blending was performed by a solution method. Both component polymers, PAA and PVA, were separately dissolved in water. The two solutions were mixed together in various proportions to obtain the desired polymer solutions. Homogeneous membranes were prepared by casting the polymer solution on a Perspex plate with a casting knife. The solvent, water, was slowly removed by evaporation in a flowing nitrogen gas stream at room temperature.
The thickness of the resulting membranes was in the range of 15 to 60 pm.
Glass transition temperature measurements
The glass transition temperature of PAA, PVA, and blends of these two polymers was measured calorimetrically with a Perkin-Elmer Differential Scanning Calorimeter (DSC 4). The sample size ranged from 10 to 20 mg. DSC curves were recorded at a constant heating rate of 10 K/min. The temperatures at the midpoint of the heat capacity transition in the DSC curves were taken as the glass transition temperatures.
Density measurements
The density of the membranes was measured with a buoyancy technique. A well-dried membrane sample was first weighed in air. Thereafter it was held in isooctane at 22.5 "C and its weight was measured in that medium. The volume of the sample can be calculated from the weight dif- 
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ference of both measurements; dividing it by the density of isooctane. From the weight in air and the volume, the density can be calculated.
Pervaporation experiments
The pervaporation experiments were performed using the apparatus shown in Fig. 1 . Membranes which were immersed and swollen in the respective feed mixtures at room temperature were installed in the stainless steel pervaporation cells. The effective membrane area in each cell was 50 cm'. The feed was circulated through the pervaporation cells from a feed reservoir kept at 30°C at a rate of N 1 l/min. The pressure at the downstream side was kept below 2 mmHg by a vacuum pump. The permeate was collected in cold traps cooled by liquid nitrogen. The composition of the collected permeate was determined by gas chromatography equipped with a thermal conductivity detector.
The pervaporation properties are characterized by the flux J and the selectivity (Ye. Fluxes were determined by measuring the weight of liquid collected in the cold traps during a certain time at steady-state conditions. The fluxes of different membranes were normalized to a membrane thickness of 20 pm, assuming a proportionality between the flux and the reciprocal membrane thickness. The pervaporation selectivity (Ye is defined by:
where x and y represent the concentrations in the feed and in the permeate, respectively. Indices 1 and 2 refer to the more permeable component (methanol or ethanol in this study) and the less permeable one (toluene) , respectively.
Results and discussion
Physical properties of the PAA-PVA blend
The properties of a polymer blend depends strongly on whether the blend is homogeneous or heterogeneous. Although it can be argued how to characterize homogeneity, the existence of only one glass transition temperature ( Tg) is often a clear indication [ 2 11 . A miscible blend of two homopolymers shows a single Tg which is generally in between the Tg values of the individual polymers.
The polymer samples were carefully dried to remove completely the casting solvent, water. The presence of any solvent in a polymer sample can lower the measured Tg value due to a plasticizing effect. The samples were first dried by blowing dry nitrogen gas for 2-4 days at room temperature, and then dried for another day in a vacuum oven at room temperature.
The measured glass transition temperatures of PAA, PVA, and their blends are given in Fig. 2 . The glass transition temperature decreases gradually from 129 to 84°C with an increase of the PVA content from 0 to 50 wt%. Over this composition range each blend shows only one Tg value, indicating that the blend is homogeneous. This was also confirmed by the transparency of the membranes. PVA mass fraction Fig. 3 . Density of the PAA-PVA blend at 22S"C, as a function of the blend composition: density of amorphous PVA=1.27g/cm3
[22].
The density of the blends was measured to determine the presence of crystallites. Since PVA is a semi-crystalline polymer, it may aggregate into small crystalline domains. The measured density values are plotted against the PVA content (see Fig. 3 ) . This figure shows that all measured densities are lying on a straight line connecting the densities of pure PAA and amorphous PVA. From this figure it appears that in the composition range of 10 to 50 wt% PVA there is no or a negligible crystalline fraction in the blends.
Pervaporation characteristics of the PAA-PVA blend
The separation of alcohol-toluene mixtures through PAA-PVA blend membranes was evaluated to investigate the polymer blend concept in developing membrane materials. Since this study was focussed on the selective removal of alcohols from organic mixtures, PAA was selected as a polymer material based on its high affinity for alcohols. PAA is highly swollen or even soluble in the low molecular weight aliphatic alcohols such as methanol and ethanol. In addition, PAA can preferentially interact with alcohols through hydrogen bond formation.
To improve both mechanical stability and permselectivity towards alcohol-toluene liquid mixtures, PAA has been blended with PVA which is hardly swollen in alcohols. No degradation or change in properties for the blends has been observed during the tested period up to three weeks. The thermal stability of the blends have been tested up to a temperature of 50°C and this has been described elsewhere [ 
PVA is reported to be very selective for alcohols over hydrocarbons
[ 23 1. The blend membranes were preswollen in the feed prior to the pervaporation experiment. The preswelling occurs in a mixture with a higher alcohol concentration than the actual pervaporation experiment and this results in a higher flux. This phenomenon has been described in more detail elsewhere [ swollen. This decreasing sorption ability results in a decreasing penetrant concentration in the membrane, and consequently results in a decreasing permeation rate.
The increasing content of PVA in the membrane has a favorable effect on the selectivity. All membranes are selective to methanol and ethanol, and the selectivity increases with increasing PVA content in the blend.
The total flux J can be divided into the component flux of alcohol, Jdcohol, and that of toluene, Jtolueney by using the permeate composition data:
J toluene = Jx yto,uene
where y&&l and ytoluene are the concentrations of alcohol and toluene in the permeate, respectively. As an example, the component fluxes of a ethanol-toluene ( 1 / 1 by wt ) mixture calculated from these equations are given in Fig. 6 as a function of the blend composition. This figure clearly indicates that for this system the increase in selectivity is attributed to a more rapid decrease in the toluene component flux compared to ethanol with increasing PVA content. For all other mixtures the same trend is observed.
Influence of the feed composition
The permeation of molecules through a nonporous polymer membrane is generally described by a solution-diffusion mechanism in a sequence of three steps: sorption, diffusion, and evaporation. According to this model the permselective properties of pervaporation membranes are determined by solubility and diffusivity of the permeating components in the membrane. Because generally both sorption and diffusion phenomena are dependent on the composition of the liquid mixture, also the permeation characteristics of membranes are usually strongly influenced by the feed composition.
The effect of the feed composition on the flux Ethanol wt.% in the feed mixture PVA blend membranes. and selectivity was investigated over the whole mixture concentration range for ethanol-toluene mixtures. Fig. 7 represents the effect of the feed composition on the pervaporation fluxes. Although low fluxes are obtained when the ethanol content in the feed is low, the fluxes increase strongly for all blend membranes as the ethanol concentration increases. For instance, in the case of a blend membrane containing 10 wt% PVA the flux for the ethanol-toluene liquid mixture increases exponentially from 0.025 to 4.8 kg/ m* h, i.e., more than two orders of magnitude, as the ethanol concentration increases from 10 to 90 wt%. For all the other blends the same trend is observed, which indicates a strong interaction between the membrane and the feed mixture components. Fig. 8 shows the ethanol concentration in the permeate as a function of the feed composition together with the vapor-liquid equilibrium curve of the ethanol-toluene mixtures at 30°C for comparison. The vapor-liquid equilibrium data were calculated from the Wilson equation with parameters obtained from the literature [25] . For all blends tested the ethanol concentration in the permeate was higher than 95 wt%. This is much higher than the ethanol concentration in the vapor which is in equilibrium with the liquid. Furthermore, the separation problem of the azeotrope could easily be overcome. The selectivity values are presented in Fig. 9 . The selectivity first decreases with increasing ethanol content up to 70 wt%, and then remains more or less constant. This seems to be related to the variation in the component flux of toluene. of various compositions follows practically the same trend and the same degree of variation as the total flux with increasing ethanol content in the feed mixture (compare Fig. 1 Oa with Fig. 7 ) .
However, the toluene flux shows a different dependency (see Fig. lob ). These fluxes first increase exponentially as the ethanol concentration increases up to 70 wt%. However, as the ethanol concentration increases from 70 to 90 wt%, the toluene fluxes decrease. In the concentration range below 70 wt% ethanol, the slope of the increase in the toluene fhtxes is steeper com-pared to ethanol. This more rapid increase of the toluene fluxes causes a loss in selectivity. However, in the ethanol concentration range between 70 and 90 wt%, the ratio of component fluxes of ethanol and toluene is equal to the concentration ratio of ethanol and toluene in the feed mixture. Hence the selectivity remains constant. The initial increase in the toluene component fluxes might be related to the swelling of the membranes. When a penetrant i diffuses through a membrane, the flux Ji is the product of the concentration Ci and the linear velocity vi of the penetrant inside the membrane. The velocity is the product of mobility Bi and driving force. In the case of pervaporation, the driving force is a gradient in the chemical potential across the membrane, i.e., -dpi/dX. Therefore the following relation expresses the flux in a pervaporation process [ 28 ] :
Ji=ViCi=-CiBdpi/dX (4)
According to this relation the flux should decrease as the activity, i.e., the chemical potential, of a mixture component in the feed decreases because the activity in the permeate side is kept constant by a continuous evacuation. However, in the concentration range of ethanol between 10 and 70 wt%, the toluene permeability increases despite the decreasing activity. A possible explanation for this contradicting phenomenon might be the plasticization of the polymer matrix by the sorbed ethanol molecules. As liquid molecules are more sorbed into a polymer, then the polymer matrix becomes looser. Experimental evidence on sorption measurements are given elsewhere [ 261 showing an increase of sorption of ethanoltoluene liquid mixtures with increasing ethanol content in the mixtures. In a more swollen membrane the toluene molecules can permeate faster. At the same time, however, the driving force for the toluene permeation is continuously decreasing. These two opposing terms are compensating each other. Until an ethanol concentration up to 70 wt%, the effect of the plasticization of the polymer matrix seems to prevail over the decreasing driving force for the toluene permeation. Both effects should be of the same magnitude at around 70 wt% ethanol in the feed. At higher ethanol concentrations the effect of the decreasing driving force might be predominant, which results in a decreasing toluene permeability.
Pervaporation of methanol-toluene mixtures
The pervaporation results for the methanoltoluene mixtures are given in Fig. 11 . Here again the trend of the dependence of flux and selectivity on the feed composition is almost the same as that for the ethanol-toluene mixture. With in- creasing methanol concentration in the feed, the flux increases exponentially, while the selectivity first decreases and then remains constant. From the comparison of the pervaporation characteristics of a methanol-toluene versus an ethanol-toluene mixture, it is observed that in the case of methanol-toluene the fluxes are much higher, about one order of magnitude, than in the case of ethanol-toluene for the same feed composition. This might be due to a different degree of interaction. Methanol shows a stronger affinity for the blend of PAA and PVA than ethanol since methanol is more polar and has a higher ability of hydrogen bonding. This stronger interaction results in a higher sorption, and thereby in a higher permeation rate of the methanol mixture than the ethanol mixture (the experimental evidence for the higher sorption of the methanol mixture is given in ref. 26 ). In addition, the difference in molecular size favors the permeability of methanol as well. The molar volume of methanol is about two thirds of that of ethanol, which implies that methanol, the smaller molecule, will permeate faster through a membrane than ethanol. Another reason is the difference in the activities of methanol and ethanol in a mixture with toluene. For example, the activity of methanol in a methanol-toluene mixture at 10 wt% methanol is 0.76, while the ethanol activity in an ethanol-toluene mixture at the same concentration is 0.62. Such a difference in activity results in a difference in driving force, and consequently in a difference in the pervaporation flux.
Despite the higher fhtx with the methanol mixture, the selectivities for both mixtures at lower alcohol content are about equal. This may be explained in terms of coupling phenomena. The higher permeation of methanol seems to be compensated by a higher permeation of toluene with roughly the same factor.
Conclusions
Transparent homogeneous membranes could be prepared from a polymer blend of PAA with PVA. Their pervaporation properties were investigated by using methanol-toluene and ethanol-toluene liquid mixtures. For both mixtures high fluxes and high selectivities were observed, which were strongly dependent on the blend composition. The flux decreased gradually as the PVA content in the blends increased, whereas the selectivity increased. It implies that such a polymer blend can offer a convenient way to optimize the separation characteristics of a membrane for a particular separation task. This means that the separation characteristics of a blend membrane can easily be adjusted by varying the blend composition. It was also observed that the membrane performance was strongly influenced by the feed mixture composition. For both mixtures the flux increased exponentially, but the selectivity decreased with increasing alcohol concentration in the feed.
In the case of methanol-toluene mixtures the fluxes are much higher, about one order of magnitude, compared to ethanol-toluene mixtures for the same feed composition (96 by weight). This is due to a stronger affinity of methanol for the PAA-PVA blends than ethanol. This stronger interaction results in a higher sorption, and thereby in a higher flux of the methanol mixtures. In addition, the difference in the molecular size between methanol and ethanol favors the permeability of the smaller methanol as well.
